Purpose: The objective of this study was to exploit a novel methotrexate (MTX)-loaded solid self-microemulsifying drug delivery system (SMEDDS) with enhanced bioavailability and photostability. Materials and methods: The optimized liquid SMEDDS was composed of castor oil, Tween ® 80, and Plurol ® diisostearique at a voluminous ratio of 27:63:10. The solid SMEDDS was formulated by spray drying liquid SMEDDS with the solid carrier (calcium silicate). Particle size analyzer, scanning electron microscopy (SEM), differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), and Fourier transform infrared (FTIR) spectroscopy experiments characterized the physiochemical properties of the MTX-loaded solid SMEDDS. These properties include a z-average diameter of emulsion around 127 nm and the amorphous form of the solid SMEDDS. Furthermore, their solubility, dissolution, and pharmacokinetics in Sprague-Dawley rats were analyzed in comparison with the MTX powder.
Introduction
Methotrexate (MTX), previously known as amethopterin, is an antimetabolite and antifolate drug that is clinically used for the treatment of various cancers and autoimmune disorders, including breast cancer, leukemia, lung cancer, lymphoma, osteosarcoma, psoriasis, rheumatoid arthritis, and Crohn's disease. 1, 2 MTX inhibits the metabolism of folic acid 3 and competitively inhibits the enzyme activity of dihydrofolate reductase (DHFR), which is related to the synthesis of DNA, RNA, thymidylates, and proteins. MTX is a hydrophobic drug with low permeability, and thus, has been categorized as a class IV compound in the biopharmaceutical classification (BCS) system. 4 MTX is chemically unstable and easily degradable after exposure to light. 5 Upon exposure to acid/alkaline pH conditions, extreme temperature, or light, MTX produces a degradation product, which makes the formulation development a challenging task. 6 Accordingly, a valid protection strategy is needed to produce a robust oral dosage. Sufficient aqueous solubility is one of the essential requirements for oral administration of a drug. Limited solubility can lead to insufficient dissolution and further reduce the bioavailability of a drug. 7, 8 As a result, a variety of effort has been made to enhance the oral bioavailability of poorly water soluble drugs through lipid based emulsion systems, specifically the self-emulsifying drug delivery system (SEDDS). [9] [10] [11] [12] SEDDSs are defined as homogeneous mixtures of natural or synthetic oils, surfactants, and co-surfactants that easily form emulsion upon mild agitation and generate a high surface area of interactions between the SEDDS formulation and the gastrointestinal (GI) fluid. 13 Moreover, SEDDS has been identified as a prominent technology for drug delivery, because the formulations have great solubilization capacity and a tiny droplet size, which could improve permeation across the GI membrane. In present, SEDDS is usually prepared as a liquid solution or encapsulated in soft gelatin capsules; however, these preparations have some imperfections, including sensitivity to temperature and humidity, and high production cost. 14 Moreover, liquid and capsules are less convenient to the patient than the solid dosage form, and incompatibility problems can occur between the soft gelatin shell and the drug formulation. 15 Transformation of the liquid SEDDS into the solid dosage form using specific techniques, such as spray drying, may maintain the advantages of SEDDS but avoid the disadvantages of liquid SEDDS mentioned above. Spray drying is the most commonly used method to prepare a solid formulation. First, the sample is prepared by mixing an optimized ratio of ingredients (oil, surfactants, and co-surfactants), the drug, and a suitable solid carrier. Afterwards, the liquid solution (suspension) is sprayed into a heated air chamber to evaporate the volatile fraction (organic solvent or water) contained in the sample, 16 hence the term, spray drying. This process is executed under the optimized operation conditions, such as inlet/outlet temperature, aspiration, and feed rate. In addition, spray drying may solve the stability problems associated with traditional emulsions during storage. The outer film coating and packaging in spray drying has shown improved photostability in various photosensitive drugs. 17 The purposes of the present study were to: (1) develop a novel solid self-microemulsifying drug delivery system (SMEDDS) formulation of MTX via spray drying with calcium silicate as the solid carrier and (2) evaluate whether the solid SMEDDS improved the absorption and photosensitivity problems. Reconstitution properties of the spray dried formulation were investigated and compared to the solid state characterizations of the powder using a scanning electron microscope (SEM), differential scanning calorimeter (DSC), powder X-ray diffraction (PXRD), and Fourier transform infrared (FTIR) spectrophotometer. Comparative dissolution, oral bioavailability, and photostability studies were performed. 
Materials and methods

Solubility study
To select appropriate components for the development of the SMEDDS formulation, solubility studies were conducted for various oils and surfactants. 18 Excess amounts of MTX (approximately 50 mg) was transferred to 15 mL conical tube (SPL #50,015) containing 3 mL of pure oils or 10% (w/v) aqueous surfactant solutions. Then, the mixture was vortexed and kept for 7 days at 25°C in a shaking water-bath to facilitate the solubilization. Subsequently, 1 mL of samples were centrifuged at 10,000 g for 10 min (Hanil Science Industrial Co., South Korea) to separate the undissolved MTX. The supernatant was taken and diluted with mobile phase for high performance liquid chromatography (HPLC) analysis for the quantification of MTX. 
Construction of pseudo-ternary phase diagram
A pseudo-ternary phase diagram, containing oil, surfactants, and co-surfactants was constructed to identify the regions that could self-emulsify under dilution and gentle agitation. Based on the results of a solubility study, castor oil, Tween ® 80, and Plurol ® diisostearique were selected as the oil, surfactant, and co-surfactant, respectively. This formulation (0.2 mL) was introduced to 300 mL of water in a glass beaker at 37°C, and the contents were mixed gently with a magnetic stirring bar (300 rpm). The tendency of this formulation to emulsify spontaneously and the progress of emulsion droplets were visually observed. An emulsion was judged as "good" when introduced droplets dispersed easily in water and formed a fine emulsion. Whereas, it was judged as "bad" when poor or no emulsion formation was observed with immediate coalescence or creaming of the oil droplets. 19 Emulsions that were judged as "fine" or "poor" were further examined based on the particle size, and then given the characteristic of "good" or "bad". All tests were performed in triplicate.
Preparation of liquid and solid SMEDDS
The liquid SMEDDS was formulated by dissolving MTX (100 mg) into 1 mL of the castor oil, Tween ® 80, and Plurol ® diisostearique mixture at a volume ratio of 27/63/10, respectively. The final mixture was vortexed to obtain a clear solution. The self-emulsification and particle size analysis were completed after examining the formulations for phase separation or signs of turbidity. Afterwards, 0.5 g of the solid carrier (calcium silicate) was well dissolved in 100 mL of ethanol by magnetic stirring; then, 1 mL of liquid SMEDDS (equivalent to 100 mg of MTX) was magnetically stirred continuously. While the solution was continuously stirring, it was spray dried with a laboratory-scale spray dryer (Buchi Mini Spray Dryer, B-290, Switzerland) under the following conditions: inlet temperature of 60°C, outlet temperature of 40°C, aspiration of 100% (−45 mbar), spraying air of 4 kg/cm 2 , and flow rate of 5 mL/min.
Characterization of the solid SMEDDS Droplet size of emulsion
The droplet size of emulsions were determined by Zetasizer Nano ZS (Malvern Instruments, UK) with the dynamic light scattering particle size analyzer at a wavelength of 635 nm and a scattering angle of 90°at 25°C. Liquid SMEDDS (100 μL) and solid SMEDDS (160 mg) prepared as described above were introduced to 100 mL of distilled water with gentle stirring on a magnetic stirrer. Beakers were incubated to settle down the undissolved portion for 30 min at 25°C. All studies were repeated three times, and the values of z-average diameters were used.
Morphological analysis of solid SMEDDS
The outer morphological features of MTX powder, calcium silicate, and MTX-loaded solid SMEDDS were examined by an SEM (S-4800, Hitachi, Tokyo, Japan). The samples were fixed on a brass sampling disc using double-sided adhesive tape. Then, they were rendered electrically conductive with the sputter coating of platinum (6 nm/min) using an EMI Teck Ion Sputter (K575K) under vacuum (8x10 −3 mbar) for 4 min at 15 mA.
Solid state characterization of solid SMEDDS
The thermal aspects of MTX in solid SMEDDS were examined using a DSC Q20 (TA Instruments, New Castle, Delaware, USA). About 5 mg of each sample were sealed in the Tzero pan and lid, and were subjected to heating at the rate of 10°C/min from 60 to 175°C under a nitrogen gas purge of 50 mL/min. Furthermore, the crystallinity of the samples was evaluated by PXRD (D/MAX-2500, Rigaku, Japan), which was performed at room temperature using monochromatic Cu K α radiation (λ=1.54178 Å) at 100 mA and 40 kV in the region of 5°≤2θ ≤45°with an angular increment of 0.02º/sec.
FTIR spectroscopic analysis
The state of MTX molecule in the formulation was determined by the FTIR spectrophotometer (FTIR-4100, JASCO, Pittsburgh, PA, USA). The resulting bands were analyzed using Spectra Manager II software. All of the samples were properly loaded on the sample disc and scanned in the range of 400-4,000 cm
.
Estimation of methotrexate content
Before carrying out the dissolution test, drug content in solid SMEDDS was determined. Accurately weighed MTX-loaded solid SMEDDS, equivalent to 10 mg MTX, was thoroughly dissolved in 100 mL of mobile phase using a volumetric flask. The solution was filtered (0.45 μm) and assayed for MTX content at 303 nm using the HPLC method described above. This drug content analysis was performed in triplicate. The drug content (%) was estimated by the following formula:
where DC is the percentage of drug content, C a is the concentration determined by HPLC, and C t is the theoretical concentration.
Drug release study
The dissolution test was performed using a USP dissolution apparatus II (paddle apparatus) (Vision Classic 6, Hanson Research Co., Los Angeles, CA, USA). Empty hard gelatin capsules were filled with either MTX-loaded solid SMEDDS or MTX powder, equivalent to 50 mg of MTX. The filled capsule was inserted into the sinker and immersed into the dissolution medium, which consisted of 900 mL of water (pH 7.2). The dissolution test was accomplished at 37±0.5°C using 100 rpm paddle rotations. The dissolution medium-containing vessel was surrounded by an outer water-bath in order to maintain the specific temperature. At predetermined time intervals, 1 mL of dissolution medium was collected and filtered through a nylon syringe filter (0.45 μm). The concentration of MTX in the filtrate (10 μl) was measured by the HPLC method described above.
In vivo study
Care of experimental organisms
Twelve male Sprague-Dawley rats (280±20 g, 7-9 weeks old) were purchased from the Nara Biotech (Seoul, South Korea). Prior to the experiments, the animals were freely provided with standard laboratory food and water. During all of the procedures, the animals were housed in cages under maintained temperature (23-26°C) and relative humidity (50-55%) environmental conditions. Food was removed approximately 12 hr before the commencement of the pharmacokinetic procedures, but the animals were allowed free access to water. All animal care and procedures were conducted according to the Guiding Principles in the Use of Animals in Toxicology, as adopted in 1989, revised in 1999, and amended in 2008 by the Society of Toxicology (SOT). The protocols for the animal studies were also approved by the Institutional Animal Care and Use Committee (IACUC) at Hanyang University.
Oral administration and blood sampling
The rats were divided into two groups containing six rats per group. Each rat was anesthetized and secured on a surgical board with a thread in the supine position. A polyethylene tube, filled with 50 IU/mL of heparin in saline, was inserted into the right femoral artery of the rat. The rats in each group were orally administered MTX-loaded solid SMEDDS or MTX powder (at the dose of 20 mg/kg) with 1 mL of water. Then, at predetermined time intervals, 0.3 mL of blood was collected via the cannulated tube with heparinised syringes and centrifuged at 3,000 g for 10 min. Plasma samples were stored at −20°C until further analysis.
Sample preparation and HPLC analysis
The collected plasma samples (90 μL) were deproteinized with methanol (100 μL) in 2 mL microtubes. Afterwards, 10 μL of internal standard solution (theophylline, 1 mg/mL in methanol) were added to each tube and vortexed (1 min). Furthermore, the mixture was centrifuged at 10,000 g for 10 min. The supernatant organic layer was transferred to another clean microtube. Then, the resulting solution (10 μL) was analyzed by HPLC as mentioned above. All pharmacokinetic parameters, including T max (time to reach the maximum plasma concentration), C max (maximum plasma concentration), AUC (area under the whole blood concentration-time curve), K el (elimination rate constant), and t 1/2 (half-life), were analyzed by the WinNonlin software (Pharsight Corp., Mountain View, CA, USA). Values are reported as mean ± S.D. and the data was statistically significant at P<0.05 between the two formulations checked by the Student's t-test.
Photostability study
Photostability studies consisted of a forced degradation test and a confirmatory or formal test to evaluate the photostability of MTX powder and MTX-loaded solid SMEDDS. These tests were performed according to the ICH guidelines. 20 A forced photodegradation study was carried out first. Therefore, the samples were transferred to chemically inert and transparent containers, and exposed to an artificial light source: 1.2 million lux·hr in 25°C/ 60% RH for 20 days using a photostability chamber (Caron Model 6545-2, Caron, Marietta, OH, USA). A confirmatory photostability test was also performed; samples were introduced to transparent containers and placed horizontally towards the light source (indoor light) for even irradiation of the samples for 12 weeks. The drug content in the samples was quantified at predetermined time intervals by the HPLC method described above. The test was performed in triplicate for each sample. Because qualitative evaluation is just as important as the quantitative evaluation in the photostability study, the samples were visually investigated at the end of the test period for any changes in physical properties, such as appearance or color, which can imply the existence of photolytic degradation.
Results and discussion Solubility study
Self-emulsifying formulations, that consist of oils, surfactants, co-surfactants, and drugs, should be a clear and monophasic liquid when introduced to aqueous phase at ambient temperature and should have good solvent capacity to present the drug into solution. 21 The solubility of MTX in various vehicles is shown in Figure 1 . The interactions between drugs and excipients could be known from solubility screening results. Among the different tested oils ( Figure 1A ), castor oil gave the maximum drug solubility (74.40±3.38 μg/mL), and was therefore chosen as the oil for further studies. Among the tested surfactants ( Figure 1B) All the selected excipients have been widely used in cosmetics and foods and orally, parenterally, and topically in pharmaceutical formulations. It is generally regarded as relatively nontoxic and nonirritant materials, namely biologically safe excipients.
Pseudo-ternary phase diagrams
A series of SMEDDS combinations were prepared, and their self-emulsification properties were observed visually. First, a pseudo-ternary phase diagram was constructed in the absence of MTX to identify optimized concentrations of the oil, surfactant, and co-surfactant. The phase diagram of the system containing castor oil, Tween ® 80, and Plurol ® diisostearique is shown in Figure 2A . As seen from the pseudo-ternary phase diagram, these combinations produced a reasonably wide self-emulsification region. Fine spontaneous emulsions did not efficiently form when the concentration of the surfactant was less than oil. The efficiency of emulsification was good when the composition of surfactant/co- surfactant was more than 55% v/v of the SMEDDS formulation. The formulations surrounding the selfemulsification region demonstrated poor emulsion forming ability. It has been reported that the drug incorporated into the SMEDDS may influence the self-emulsifying performance. 23 However, in our study, no significant differences appeared when comparing the SMEDDS with the MTX-loaded SMEDDS.
Preparation of liquid and solid SMEDDS
In the SMEDDS systems, visual observation is the primary method for judging self-emulsification. The efficiency of self-emulsification can be evaluated by measuring the rate of emulsification and the droplet size. The emulsion droplet size is an important factor in self-emulsification performance, because it is highly correlated with the amount and rate of drug release, as well as drug absorption. 24 The z-average emulsion diameters of various surfactant/oil ratios are shown in Figure 2B . Of the tested formulations, a surfactant/oil ratio of 70/30 (v/v), respectively, showed the most effective emulsion size. When the oil ratio was less than 15%, a smaller diameter micelle was observed instead of an emulsion. 25 The effect of the co-surfactant concentration on the emulsion size in SMEDDS was observed ( Figure 2C) . A cosurfactant ratio of 10% showed the smallest emulsion size, and a rapid increase in emulsion size was observed at co-surfactant ratios of more than 15%. Finally, the liquid SMEDDS formulation, which was composed of 27% castor oil, 63% Tween ® 80, and 10% Plurol ® diisostearique, gave the smallest z-average diameter of all tested formulations. Furthermore, 10% (w/v) drug was entirely dissolved in this formulation, suggesting that it should be used for further studies. Subsequently, the ethanolic solution (200 mL) containing 0.5 g of calcium silicate (CaSiO 3 ) and 1 mL of liquid SMEDDS was spray dried to transform liquid SMEDDS into solid SMEDDS. Many kinds of solid carriers, such as silicon dioxide, calcium silicate, and dextran, can be used for the same purpose. However, in a preliminary study testing these solid carriers, calcium silicate was the most effective material. Calcium silicate is capable of absorbing a very large amount of oil (4-6 mL/g) through its numerous pores, and thus, has been commonly used for the solidification of oily formulations. 26, 27 In addition, the pores show a particular size distribution, which are attributed to interparticle and intraparticle pores. 28 
Reconstitution properties of solid SMEDDS
The emulsion droplet size is a very important property in SMEDDS, because it is related to the amount and rate of drug release, absorption, and stability. 29 The emulsion droplet size was measured to determine the self-emulsification performance of the optimized formulations. 
Morphological analysis of solid SMEDDS
Scanning electron micrographs of the MTX powder, solid carrier (calcium silicate), and solid SMEDDS are shown in Figure 3 . This analysis revealed that MTX powder ( Figure  3A ) had an even surfaced and angulated crystals in shape.
On the other hand, calcium silicate was uneven and highly porous surface ( Figure 3B ), which probably allowed the influx of the aqueous phase into the substance. Furthermore, solid SMEDDS ( Figure 3C ) had a relatively smooth surface of calcium silicate particles, suggesting that liquid SMEDDS is absorbed or coated inside the pores of calcium silicate.
Solid state characterization of solid SMEDDS
DSC is the most widely utilized thermal analysis method to monitor endothermic processes (ie, melting, phase transition, and chemical degradation) as well as exothermic processes. Also, DSC can indicate the existence of drug/ carrier interactions. The thermal behavior of the MTX powder, calcium silicate, physical mixture, and solid SMEDDS are shown in Figure 4 . The DSC curves showed that MTX had a distinct endothermic peak around 155°C, indicating its exact melting point and confirming its crystalline nature ( Figure 4A ). Moreover, a small endothermic peak corresponding to the drug was observed in the physical mixture ( Figure 4C ), which was mixed with 100 mg of MTX and 500 mg of calcium silicate using pestle and mortar. On the contrary, calcium silicate ( Figure 4B ) and solid SMEDDS ( Figure 4D ) had no intrinsic peak of the drug, indicating that the drug must exist in a molecularly dissolved state in the solid SMEDDS. From the powder X-ray diffractometric profiles shown in Figure 5 , the molecularly dissolved state of MTX in the solid SMEDDS was further verified. MTX showed a typical A B C 20.0um 10.0um 10.0um
Figure 3 SEM images of (A) MTX powder (x2,000), (B) calcium silicate (×5,000), and (C) solid SMEDDS (×5,000).
crystalline pattern ( Figure 5A ) similar with a reported literature, 1 but these representative peaks were not seen in the PXRD pattern of solid SMEDDS, because the drug existed as an amorphous form in solid SMEDDS ( Figure 5D ).
Ftir
FTIR spectroscopic results are shown in Figure 6 . MTX produced major distinguishing bands at 3,450 cm −1 (O-H stretching from carboxyl groups), 1,670-1,600 cm −1 (C=O stretching from carboxylic group and amidic group, so the band split into a doublet), 1495 cm −1 (N-H bending from amide group), 1,400-1,200 cm −1 (C-O stretching from carboxylic group), and 832 cm −1 (C-H -two adjacent hydrogens on aromatic ring, para substitution) ( Figure 6A ). These specific bands, such as 3,450, 1,670-1,600, 1,495, 1,400-1,200, and 832 cm −1 also appeared in the FTIR patterns of the physical mixture ( Figure 6C ) and of the solid SMEDDS ( Figure 6D ). There was no apparent shift of bands or an emergence of new bands, confirming the absence of changes in the chemical bond formation between the drug and excipients.
In vitro dissolution test
The prepared SMEDDS formulation showed significantly enhanced aqueous solubility ( Figure 7A ) and dissolution profiles ( Figure 7B ) than those of the MTX powder. In the self-emulsifying systems, the required energy to form an emulsion is very low, thereby enabling spontaneous formations at an interface between the oil droplets and water. In the dissolution process, the oil/surfactant/co-surfactant mixture expanded effectively in water; then, the oil droplet size decreased, and eventually MTX was released at an increased rate. 30 Dissolution studies were performed for solid SMEDDS and MTX powder, and the results of the release profiles in water are shown in Figure 7B . Within 20 min, the solid SMEDDS formulation reached the maximum percentage of released drug. The final dissolution percentage was almost 100%. However, only 53% of drug was released from the MTX powder at 60 min. These results verify that the solid SMEDDS enhanced the dissolution of MTX.
Pharmacokinetics study
The mean plasma concentration-time profiles of MTX powder and MTX-loaded solid SMEDDS, equivalent to a 20 mg/kg MTX dose, are represented in Figure 8 . Solid SMEDDS showed a significantly higher plasma concentration of MTX than MTX powder for first 4 hr after oral administration. The pharmacokinetic parameters are shown in Table 1 . The AUC and C max of solid SMEDDS were significantly higher as compared to those of the MTX 
Stability study
The preservation and robustness of a product against degradation by light is an important property for developing new formulations. 31 Time-dependent changes in the MTX content under light irradiation was monitored to evaluate whether solid SMEDDS formulation protected MTX from photodegradation. The photostability of MTX was tested by a forced degradation method and confirmatory analysis. In order to evaluate the overall photosensitivity of the formulation, a forced photodegradation study was performed for 20 days. It was conducted by exposing an excess amount of artificial light using a photostability chamber until significant degradation had occurred. At the same time, the photostability of MTX powder and MTX-loaded solid SMEDDS was tested by exposing the Abbreviations: AUC, area under the curve; C max , maximum drug concentration; T max , time taken to reach maximum drug concentration; t 1/2 , time required for a quantity to reduce to half its initial value; K el , the rate at which a drug is removed from the system; MTX, methotrexate; Solid SMEDDS, solid self-microemulsifying drug delivery system. respective formulations to daylight for 12 weeks in the confirmatory analysis. Data obtained after the forced photodegradation and confirmatory test are represented in Figure 9 . The concentration of the MTX in the solid SMEDDS slightly decreased in the forced photodegradation test after 20 days (87.44±1.93%) and the confirmatory test after 12 weeks (90.57±1.46%) compared to the initial concentration of pure MTX. Whereas, a sharp decrease by nearly 40% in the concentration of MTX (63.21±1.75 and 61.52±2.37%, respectively) was observed.
Moreover, tiny changes in the color of MTX from yellow to orange implied that the formation of photolytic degradants was present in pure MTX samples. It can be concluded that prepared solid SMEDDS is a very effective formulation for maintaining photostability of MTX. 32 There are no specific data available that provides a specific limitations for this type of study. Depending on the extent of the change, special labeling or packaging may be needed to mitigate the exposure to light.
Conclusion
In this study, liquid SMEDDS was spray dried using calcium silicate as the solid carrier to produce the MTX-loaded solid SMEDDS formulation. The morphology of the solid SMEDDS formulation revealed well dispersed particles with a smooth surface. The self-emulsification ability of the solid SMEDDS was similar to that of the liquid SMEDDS, and both DSC and PXRD measurements indicated that MTX-loaded solid SMEDDS maintained its molecular dispersion state. Moreover, FTIR analysis confirmed that there were no interactions between the drug and excipients. An in vitro dissolution test revealed that the MTX release was faster and more enhanced in the solid SMEDDS than in the MTX powder. An in vivo study in rats showed that the solid SMEDDS formulation gave a significantly increased bioavailability compared to the MTX powder. Furthermore, the forced degradation and confirmatory photostability studies demonstrated that the solid SMEDDS formulation protected MTX from light-induced degradation efficiently. Thus, this solid SMEDDS formulation may provide an oral solid dosage of the water insoluble and photosensitive drug, MTX. International Journal of Nanomedicine
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